Introduction
Considerable insights into the manner by which FOXP3 + Tregs maintain immune homeostasis, and evidence of how their dysfunction contributes to the pathogeneses of various diseases, are now available (1) (2) (3) (4) . However, the translational and therapeutic implications of such data are less clear. Proposed applications for Treg therapies include the prevention of graft-versus-host disease and solid organ transplant rejection, and stabilization of disease in patients newly diagnosed with type 1 diabetes. However, progress has been slow, given that questions remain regarding the choice of protocols for optimal Treg expansion (5); their phenotypic stability after transfer and associated potential risks of disease exacerbation (6) ; and the considerable costs of such trials using cells that have a brief life span, such that repeated infusions may be required for even a modicum of clinical efficacy (7) (8) (9) ).
An important alternative to Treg-based therapy is the modulation of Treg functions by pharmacologic means. This approach potentially has a significantly broader range of applications than Treg therapy, since enhancement of Treg functions may be useful in the management of autoimmunity and transplantation, whereas dampening of Treg function has potential utility in the context of tumor therapy. Proof-of-principle data are now available for both types of manipulations. Thus, pan-histone/protein deacetylase inhibitors (pan-HDACi) increase FOXP3 acetylation and DNA binding, enhance Treg production and suppressive activity, and have beneficial effects in the prevention and treatment of autoimmune disease and transplant rejection (10) . Conversely, targeting of the histone acetyltransferase p300 can impair FOXP3 acetylation and Treg function while preserving T effector cell (Teff) responses and thereby promote immune responses in tumor-bearing hosts (11) .
Pan-HDACi have documented utility for the treatment of certain tumors but are generally considered too toxic for nononcologic indications (12) . This has stimulated investigations into which HDACs can be usefully targeted so as to promote Treg function, and which HDACs should be left untouched so as to perform their essential cellular functions. The 11 classical, zinc-dependent HDAC metalloenzymes are categorized as class I (HDAC1, HDAC2, HDAC3, and HDAC8), class IIa (HDAC4, HDAC5, HDAC7, and HDAC9), class IIb (HDAC6 and HDAC10), and class III (HDAC11). Research has shown that gene deletion or knockdown of at least two class IIa HDAC enzymes, HDAC7 and HDAC9, can increase Treg suppressive functions in vitro and in vivo (12) (13) (14) . However, class IIa HDACs have very limited catalytic activity using conventional substrates and likely function primarily via protein-protein interactions (15) . In particular, the N termini of class IIa HDACs can recruit the class I HDAC HDAC3 to form multimolecular suppressive complexes (16) (17) (18) (19) . We have analyzed the effects of HDAC3 targeting on Treg functions, reasoning that if significant effects were seen, this might represent an important pharmacologic target for modulation of Treg functions.
Treg dysfunction is associated with a variety of inflammatory diseases. Treg populations are defined by expression of the oligomeric transcription factor FOXP3 and inability to produce IL-2, a cytokine required for T cell maintenance and survival. FOXP3 activity is regulated post-translationally by histone/protein acetyltransferases and histone/protein deacetylases (HDACs). Here, we determined that HDAC3 mediates both the development and function of the two main Treg subsets, thymus-derived Tregs and induced Tregs (iTregs). We determined that HDAC3 and FOXP3 physically interact and that HDAC3 expression markedly reduces Il2 promoter activity. In murine models, conditional deletion of Hdac3 during thymic Treg development restored Treg production of IL-2 and blocked the suppressive function of Tregs. HDAC3-deficient mice died from autoimmunity by 4-6 weeks of age; however, injection of WT FOXP3 + Tregs prolonged survival. Adoptive transfer of Hdac3-deficient Tregs, unlike WT Tregs, did not control T cell proliferation in naive mice and did not prevent allograft rejection or colitis. HDAC3 also regulated the development of iTregs, as HDAC3-deficient conventional T cells were not converted into iTregs under polarizing conditions and produced large amounts of IL-2, IL-6, and IL-17. We conclude that HDAC3 is essential for the normal development and suppressive functions of thymic and peripheral FOXP3 + Tregs. Figure 2 ). These mice proved sickly ( Figure 2A ) and died by 6 weeks of age unless WT Tregs were adoptively transferred at 2-3 days of life (P < 0.01) ( Figure 2B ). At 4 weeks of age, histologic examination of HDAC3 -/-mice showed dense mononuclear cell infiltration of lung ( Figure 2C ) and liver ( Figure 2D ) tissues, with only modest involvement of other organs (Supplemental Table 1 ).
HDAC3
-/-mice also had markedly enlarged lymph nodes and spleens, atrophic thymuses ( Figure 2E ), and corresponding changes in total cellularity ( Figure 2F ). Hdac3 deletion in Tregs led to gross disruption of normal thymic T cell development, with markedly reduced overall cellularity and decreased double-positive and increased single positive thymocytes (Supplemental Figure 3) , consistent with thymic destruction by autoreactive T cells (21) .
Flow cytometric analysis showed that compared with WT controls, CD4 + and CD8 + T cells of HDAC3 -/-mice had increased expression of CD44 hi , CD62L lo , and CD69 activation markers and increased proliferation ( Figure 3 , A and B, and Supplemental Figure 4) . As discussed below with regard to CCR7 and sphingosine-1-phosphate receptor expression, HDAC3
-/-mice also had markedly decreased numbers of splenic but, surprisingly, increased lymph node and intrathymic Tregs ( Figure 3, C and D) .
Deletion of HDAC3 in FOXP3 + Tregs was accompanied by a significant increase in the proportions of activated B cells ( Figure  3E ); increased production of IgA, IgG1, IgG2a, IgG2b, IgG3, and IgM immunoglobulins ( Figure 3F) ; and development of cryoglobulins (Supplemental Figure 5) . Cryoglobulin formation was associated with the development of a mild proliferative glomerulonephritis (Supplemental Figure 6 ) -with glomerular deposition of IgM and C3, and neutrophil and macrophage infiltration -and development of mild proteinuria, though renal function remained
Results

HDAC3 co-associates with FOXP3 and suppresses IL-2 production in
Tregs. FOXP3 plays a key role in Treg development and functions by controlling the expression of several hundred target genes that collectively determine the phenotype and suppressive activity of Tregs (20) . Since HDAC3 is a key component of many suppressive complexes, we tested whether FOXP3 could physically interact with HDAC3. After transfection of 293T cells with Flag-tagged HDAC3 and FOXP3, cells were lysed and proteins immunoprecipitated with anti-Flag (HDAC3) antibody and probed with antimouse FOXP3 and anti-Flag antibodies. These studies showed that FOXP3 and HDAC3 can co-associate ( Figure 1A) . Consistent with this, confocal imaging confirmed the colocalization of FOXP3 and HDAC3 within the nuclei of murine Tregs ( Figure 1B ). We next sought a possible function of this interaction. A prime characteristic of Tregs is their inability to produce IL-2, as a result of suppression by FOXP3. Using ChIP assays, we found that HDAC3 binds to the Il2 promoter in Tregs ( Figure 1C ). Moreover, using 293T cells expressing an NFAT-driven IL-2 luciferase construct, we found that Il2 transcription was downregulated in cells transfected with FOXP3 and further inhibited by cotransfection with HDAC3, whereas HDAC3 expression in the absence of FOXP3 had no effect ( Figure 1D ). Inhibition of Il2 gene transcription was not due to an effect of FOXP3 or HDAC3 transfection on NFAT expression (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI77088DS1). Consistent with data from transfected cells, HDAC3
-/-Tregs, described below, had increased Il2 gene expression ( Figure 1E ). These studies indicate that HDAC3 can bind to FOXP3 and inhibit Treg production of IL-2.
Conditional deletion of HDAC3 within FOXP3 + Tregs results in lethal autoimmunity. As HDAC3 is present in transcription corepressor complexes, we conditionally deleted Hdac3 in Tregs by crossing Figure 4E ). These data were surprising in that Foxp3 mRNA expression was normal in HDAC3
-/-Tregs, and the mRNA expression of other Tregrelated genes was either increased (Ctla4, Tgfb, Il10, Ebi3) or similar (Gitr) when compared with that of WT Tregs (Supplemental Figure 8 ). However, in addition to aberrant IL-2 production as noted above, HDAC3
-/-Tregs showed increased Ifng mRNA production, consistent with derepression of genes atypical of this lineage.
HDAC3 exists in transcription corepressor complexes containing two homologous proteins, nuclear receptor corepressor (NCoR1) and silencing mediator for retinoid and thyroid receptors (SMRT, also known as NCoR2) (23) (24) (25) , plus inositol tetraphosphate (IP4). The limited intrinsic enzymatic activity of HDAC3 is markedly enhanced by its binding to the deacetylase-activating domain (DAD) of NCoR1 or SMRT/ NCoR2 (19) . IP4 helps stabilize this interaction and also triggers a conformational change in HDAC3 that makes its catalytic site more accessible to substrate (26, 27) . To test whether the interaction of HDAC3 with NCoR1 or SMRT/NCoR2 is required for optimal Treg function, we used mice with mutations of the DADs of both NCoR1 and SMRT/NCoR2 (28) 
HDAC3 is essential for FOXP3
+ Treg suppressive function in vitro. We used three animal models to assess the functions of HDAC3 -/-Tregs in vivo (10, 11, 13) . First, HDAC3 -/-or WT Tregs plus conventional T cells were transferred to immunodeficient mice. Compared with WT Tregs, HDAC3
-/-Tregs were very poor suppressors of the resultant homeostatic T cell proliferation ( Figure 4G ). Second, we undertook cardiac allografting in immunodeficient hosts. Recipients adoptively transferred with conventional T cells developed acute rejection by 14 days after transplant, whereas mice receiving cotransfer of conventional T cells and WT Tregs (2:1 ratio) maintained the allografts long-term (>120 days). However, all grafts in mice receiving conventional normal over the 4-6 weeks of life of these mice. HDAC3
-/-mice lacked classical autoantibodies (anti-nuclear, anti-mitochondrial, anti-smooth muscle, anti-striated muscle, anti-islet, anti-steroid-producing cells, anti-sperm, anti-thyroid peroxidase, and anti-keratin antibodies) (data not shown) when evaluated as described for mice with deletion of p300 or Dnmt1 in FOXP3 + Tregs (11, 22) . HDAC3
-/-mice also developed anemia, thrombocytopenia, and a leukopenia arising primarily from reduced numbers of circulating granulocytes (Supplemental Figure 7) . These data indicate that loss of HDAC3 in FOXP3 + Tregs leads to uncontrolled activation of conventional T and B cells, with infiltration of key host tissues, and early death from autoimmunity encompassing injury to the lungs, liver, kidneys, and bone marrow. -/-mice (mean ± SD, 6-8 mice/group, Student's t test for unpaired data; *P < 0.05, **P < 0.01). jci.org weight loss from 2 weeks after cell transfer ( Figure 5A ), and by sacrifice at 7 weeks after transfer, they had shortened, thickened colons ( Figure 5B ). Histology showed markedly increased mononuclear cell infiltration in colons from recipients of Hdac3 -/-Tregs, loss of goblet cells, transmural thickening, and increased CD3 + T T cells and HDAC3 -/-Tregs were rejected by 33 days after transplant ( Figure 4H ). Third, we tested the effects of Hdac3 deletion in an adoptive transfer model of colitis using a 1:2 ratio of Tregs to conventional T cells (13) . Compared with use of WT Tregs, mice adoptively transferred with HDAC3 -/-Tregs showed increasing , with representative plots (left) and percentages (right); and (F) all main immunoglobulins. Data are shown as mean ± SD, 6-8 mice/group, Student's t test for unpaired data; *P < 0.05 and **P < 0.01 vs. WT control. jci.org normal Treg suppressive function in vivo, and in its absence host conventional T cells promote tissue injury.
Hdac3 deletion does not limit Treg proliferation or increase Treg apoptosis. We then considered whether the altered numbers and function of Tregs in HDAC3
-/-mice reflected reduced proliferative capacity or increased apoptosis. While Tregs are normally quite proliferative in vivo, we found that BrdU incorporation was sigcells but fewer FOXP3 + Tregs ( Figure 5C ). Analysis confirmed a significant reduction in colon length ( Figure 5D ) and increased histologic scores of colitis ( Figure 5E ) in the mice receiving Hdac3 -/-versus WT Tregs. Last, flow cytometry showed increased numbers of conventional YFP -T cells in lymphoid tissues ( Figure  5F ) and reduced YFP + Tregs ( Figure 5G ) at 7 weeks after transfer of Hdac3 -/-versus WT Tregs. Hence, HDAC3 is important for TGF-β-induced iTreg generation in vitro begins with the binding of SMAD2 or SMAD3 to a conserved noncoding DNA sequence (CNS1) within the Foxp3 locus (29, 30) , and in the absence of a normal CNS1 element, iTreg formation is greatly impaired (21) . Using trimethylation of histone H3 at Lys9 (H3K9me3) as a marker of a closed, non-permissive chromatin structure, we undertook ChIP assays of HDAC3 -/-and WT T cells cultured under the iTreg polarizing conditions noted above. We pulled down chromatin with an anti-H3K9me3 Ab and undertook analysis by qPCR of immunoprecipitated Foxp3 promoter and CNS1 and CNS2 elements. Compared with WT cells, HDAC3-deficient T cells showed increased H3K9me3 at the Foxp3 promoter and CNS2 regions, but there was no significant difference at the CNS1 site between the two groups ( Figure 8A ). CNS1 remodeling and accessibility are essential but not sufficient for iTreg generation, especially if the Foxp3 promoter and CNS2 sites remain inaccessible (21) .
Consistent with data shown in Figure 6 , we found greater acetylation of histone H3, indicative of increased accessibility at the Il2 promoter of HDAC3-deficient versus WT T cells, and acetylation was further increased by T cell receptor (TCR) stimulation ( Figure  8B ). We also assessed chromatin modifications at the Il6 and Il17 promoter sites, since IL-6, in combination with TGF-β, is a potent driving factor for Th17 cell differentiation and IL-17 production. As considerable IL-6 mRNA and protein expression were observed in HDAC3-deficient CD4 + T cells under iTreg polarizing conditions (Figure 7) , we also tested whether HDAC3 regulated IL-6 transcription. We found that HDAC3 normally binds to the Il6 promoter, and in the absence of HDAC3, levels of acetylated histone H3 at the Il6 promoter were significantly increased compared with WT controls ( Figure 8C ). In contrast, HDAC3 did not bind directly to the Il17 promoter ( Figure 8D ), but levels of acetylated histone H3 at this site were greatly increased in resting and activated HDAC3-deficient versus corresponding WT cells ( Figure 8D ). Collectively, these data indicate that while the CNS1 element is permissive for iTreg generation in HDAC3
-/-cells, the absence of HDAC3 limits accessibility at the Foxp3 promoter and CNS2 sites and is accompanied by uncontrolled IL-2 and IL-6 production that inhibits iTreg generation.
Profound effects of HDAC3 deletion on gene expression in Tregs.
We undertook microarray analyses of HDAC3
-/-and WT Tregs to assess Hdac3-dependent global changes in gene expression. Functional annotation clustering showed enrichment in HDAC3
-/-versus WT Tregs of genes that are associated with inflammatory and (40), and hemopoietic progenitor cells (41) . Collectively, loss of Hdac3 caused cell type-specific changes in gene expression, including expression of imprinted genes, cell-cycle control, and growth factor/receptor signal transduction genes. While deletion of Hdac3 in Tregs led to increased expression of genes that were unaffected when HDAC3 was deleted in other cell types ( Figure 9F ), for the most part there were similar changes in gene expression ( Figure 9G ), as was reported for Hdac3 deletion in nonlymphoid cells (33) (34) (35) (36) (37) (38) (39) 41) . Overall, Hdac3 deletion led to altered expression of a wide variety of genes in Tregs, including those promoting activation of NF-κB and other proinflammatory pathways.
Discussion
Conceptually, there are two broad strategies to harness Tregs for therapeutic purposes, namely transfer of expanded numbers of immune responses, and decreased expression of genes associated with protein transcription and translation ( Figure 9A ). HDAC3 is reported to deacetylate p65 (RelA), a key member of the NF-κB family (31, 32) . Once deacetylated, p65 disassociates from DNA and is exported from the nucleus to the cytoplasm, but in the absence of HDAC3, p65 remains acetylated within the nucleus and induces ongoing gene transcription. Without TCR stimulation, p65 bound to IκBα and remained in the cytoplasm in WT Tregs ( Figure 9B) , whereas, even in resting Tregs, p65 was mainly located within nuclei of HDAC3 -/-Tregs. Such ongoing activation of NF-κB target genes likely contributes to the broad increase in production of Il2, Il6, and additional proinflammatory cytokines ( Figure 9C ), chemokines ( Figure 9D) , and chemokine and adhesion-related receptors ( Figure 9E and Supplemental Figure 11 The lethal autoimmunity induced by Treg-specific deletion of Hdac3 was unexpected. While global deletion of Hdac3 during gestation is known to cause lethality by E9.5 (35) , during the course of our work, CD4-Cre-mediated deletion of Hdac3 in all T cells was reported (40) . In this study, the group did not find any alterations in conventional T cell development in their CD4-Cre Hdac3 conditionally deleted mice, though the mice failed to generate invariant NKT (iNKT) cells. In contrast, the current studies indicate that Hdac3 has unique functions in Tregs, and its loss cannot be compensated by other HDAC family members. Loss of Hdac3 leads to upregulation of a large number of inflammatory and immunerelated genes ( Figure 9A ), as well as persistent NF-κB activation ( Figure 9B ). The range of genes whose expression was altered, including many also upregulated when Hdac3 was deleted in other cell types ( Figure 9G ), points to a general repressive role of HDAC3 on gene expression in Tregs rather than one necessarily dependent on the functions of FOXP3. However, our data indicate that FOXP3-dependent recruitment of HDAC3 contributes significantly to the repression of IL-2 production in Tregs and is also central to the development of iTregs. Loss of Hdac3 was accompanied by marked impairment of Treg suppressive function (Figure 4) , with consequent activation of immune cells and their infiltration and damage of host tissues (Figures 2 and 3 , and Supplemental Table 1 ). Hence, the deletion of Hdac3 has important FOXP3-dependent autologous Tregs (5) and pharmacologic modulation of Treg production and function, e.g., through the actions of HDAC inhibitors (12) . Much of the data pointing to HDACs as suitable targets for pharmacologic modulation of Tregs involve members of the relatively obscure class IIa HDAC family of enzymes (12) . Class IIa HDACs each have a histidine rather than a tyrosine residue at a key site in their catalytic domains, which decreases catalytic activity by 1,000-fold compared with standard class I HDAC enzymes assayed using canonical substrates (15) , such that they may better be described as pseudoenzymes. A search for noncanonical substrates of these proteins continues, with isolated reports of distinct catalytic activity (42, 43) , as well as sites adjacent to the catalytic pocket potentially suitable for small molecule targeting (44) . However, many now believe that class IIa HDACs function primarily as bromodomains (45) (46) (47) . A practical extension of this point is that residues in the catalytic domain regions of class IIa HDACs can complex with class I HDACs, especially HDAC3 (16, 18) . As a result, the HDAC3/NCoR complex may exert the deacetylase activity and suppressive actions originally ascribed to class IIa HDAC enzymes (16) (17) (18) (19) . The lack of potent and selective small molecule inhibitors of class IIa HDAC enzymes, and the association of class IIa HDACs with HDAC3, led us to determine the effects of HDAC3 deletion on FOXP3 + Treg production and functions. 
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jci.org are largely unexplored (48) . We have recently shown that FOXP3-dependent deletion of a DNA methyltransferase, DNMT1 (22) , or a histone acetyltransferase, p300 (11) , results in a distinct pattern of autoantibody production. The current study shows yet another variation on this theme, with production of cryoglobulins rather than any organ-specific or systemic autoantibodies. While the details of how Hdac3 deletion in Tregs can lead to cryoglobulin formation, immune complex glomerulonephritis, and proteinuria require elucidation, these data indicate that Tregs can influence B cell function and autoantibody production in diverse ways. Second, we were surprised by the accumulation of HDAC3 -/-FOXP3 + Tregs in lymph nodes and thymus versus spleen (Figure 3 ). Increased thymic Tregs may suggest an attempted compensatory and FOXP3-independent effects on Treg development and function. As a result of these integral and complex roles that HDAC3 plays in Treg biology, we believe that pharmacologic approaches to enhance Treg function through modulation of HDAC3 need to be approached carefully, since they may lead to a critical impairment of host Treg functions.
Several additional points arising from our data are worth noting. First, Treg-dependent control of T cell help to B cells is a multifaceted and currently little-understood area. While Treg depletion is known to promote autoantibody production in murine models of arthritis and lupus, the effects of targeting individual proteins expressed by Tregs, especially beyond known functionally active surface molecules such as CTLA4, PD-1, and ICOS, (Alexa Flour 647, clone XMG1.2, #557735), CD44 (PE, clone IM7, #553134), and CD25 (APC, eBioscience, clone PC61.5, #17-0251) and acquired with a CyAn flow cytometer (Dako). We also purchased unconjugated CD3 (clone 145-2C11, #553057) and CD28 (clone 37.51, #553294) mAbs from BD. 
CD25
-Tcon cells were stimulated with CD3/CD28 mAbcoated beads (1:1 ratio) in the presence of TGF-β (2 nM) and IL-2 (10 U/ ml). On days specified, cells were harvested, stained for CD4 (Pacific blue) and FOXP3 (PE-Cy5), and analyzed by flow cytometry (CyAn).
Hematology and autoantibody detection. Citrated blood samples were assessed using an automated hematology analyzer modified and calibrated for murine samples. Sera of 3-to 4-week-old WT or HDAC3 -/-mice were serially diluted and assessed for autoantibody production by indirect immunofluorescence staining of tissues from normal C57BL/6 mice; negative controls included use of pooled healthy sera and use of conjugated antibody alone, as described previously (11, 22) .
Luminex. Serum immunoglobulin isotypes were assessed with a Multiplex mouse immunoglobulin assay kit (Millipore) using LiquiChip Luminex 100 (QIAGEN) according to the manufacturer's instructions (Luminex xMAP Technologies).
Cardiac transplantation. BALB/c hearts were harvested and transplanted into Rag1 -/-(C57BL/6 background) recipients, as described previously (56) . Tregs and Teffs were isolated using magnetic beads, and 1 × 10 6 Teff and a 0. conventional T cells, 9 mice/group). Weights were measured weekly, and at cessation, colons were harvested for measurement and histology and numbers of lymph node and splenic Tregs and conventional T cells determined by flow cytometry (CyAn). H&E-stained, paraffin-embedded sections were scored by a pathologist blinded to treatment conditions using a scoring system (57) involving 8 parameters: (a) degree of lamina propria inflammation graded 0-3; (b) degree of mucin depletion evidenced by loss of goblet cells graded 0-2; (c) reactive epithelial changes (nuclear hyperchromatism, random nuclear atypia, increased mitotic activity) graded 0-3; (d) number of intraepithelial lymphocytes per high-power field within crypts graded 0-3; (e) degree of crypt host response to produce more Tregs given their impaired function in the periphery, through as-yet-unknown mechanisms, but this would not explain the difference in lymph node versus spleen data. However, the entry of Tregs across high endothelial venules into lymph nodes, but not the spleen, is critically CCR7 dependent (49) , and CCR7 expression was upregulated in HDAC3 -/-Tregs (Supplemental Figure 10) . Indeed, the expression of an additional 13 chemokine and homing receptors, and 18 chemokines, was upor downregulated by the absence of Hdac3. Two G protein-coupled receptors from the sphingosine-1-phosphate receptor family, S1pr1 and S1pr4, were downregulated, and these are needed for the egress of immune cells, including Tregs, from the thymus and lymph nodes via lymphatic vessels (50) . This combination of increased CCR7 expression and decreased S1pr1 and S1pr4 expression likely results in a trapping of HDAC3 -/-Tregs in lymph nodes. Third, recent studies using deacetylase-dead HDAC3 mutants, including mutations that interfere with DAD or IP4 binding, or substitutions of key HDAC3 catalytic residues, indicate important deacetylase-independent functions of HDAC3 in liver cells (51) . While conventional small molecule HDAC inhibitors act to inhibit catalytic activity, it is conceivable that small molecule inhibitors may be developed to block the interaction of HDAC3 with the DAD regions of NCoR1 and/or SMRT/NCoR2 or the interaction of HDAC3 with IP4. The current studies show that DAD-dependent interactions with NCoR and/or SMRT/NCoR2 are important for HDAC3-dependent Treg suppressive function. Mice with point mutations in the DADs of NCoR1 and SMRT/NCoR2 have negligible HDAC3 activity, despite having normal levels of this deacetylase (28) . Hence, our data point to a deacetylase-dependent role for HDAC3 in Tregs. Further work will be required to assess the relative contributions of HDAC3 deacetylase-dependent and -independent activities in Tregs. The latter deacetylase-independent functions may include NCoR1-or SMRT/NCoR2-mediated recruitment and stabilization of complexes regulating transcription in Tregs.
Last, these studies contribute to our developing knowledge of the roles of HDACs in FOXP3 + Tregs. Interactions of the N-terminal domain of FOXP3 with class IIa HDACs such as HDAC7 and HDAC9 constrain FOXP3 interactions and Treg function (10, 52), whereas our current data indicate an important role for HDAC3 in maintenance of Treg functions. Such contrasting effects suggest the importance of understanding the roles of the various HDACs in Treg biology, and ultimately finding isoform-specific HDACi small molecules suitable for their targeting, so as to pharmacologically regulate Treg function in vivo in a safe and rational manner.
Methods
Mice. We used male WT BALB/c and WT and Rag1 -/-C57BL/6 mice from The Jackson Laboratory, plus previously described CD4-Cre (53), Foxp3-YFP/Cre (54), Hdac3 fl/fl (55) , and dual mutant NCoR/SMRT (28) mice. All mice were backcrossed on the C57BL/6 background at least 8 times and used at 6-8 weeks of age unless otherwise specified. Antibodies and flow cytometry. Single-cell suspensions were stained with mAbs, obtained from BD Biosciences unless otherwise specified, that were directed against CD4 (Pacific blue, clone RM4-5, #558107), CD8 (PE-Cy7, eBioscience, clone 53-6.7, #25-0081), FOXP3 (PE-Cy5, eBioscience, clone FJK-16s, #15-5773), CD62L (APC-Cy7, clone MEL-14, #560514), IL-2 (PE, clone JES6-5H4, #554428 ), IFN-γ jci.org
Microarray and real-time qPCR. RNA was isolated using RNeasy kits (QIAGEN), and RNA integrity and quantity were analyzed by NanoDrop ND-1000 and Nanochip 2100 Bioanalyzer (Agilent Technologies). Microarray experiments were performed using whole mouse genome oligoarrays (Mouse430a, Affymetrix) and array data analyzed using MAYDAY 2.12 software (59) . Array data were subjected to robust multiarray average (RMA) normalization and analyzed using Student's t test. Only data with a false discovery rate-adjusted P value of less than 0.05 and at least 2× differential expression were included in the analysis. Data underwent z-score transformation for display. The microarray data were deposited in the Gene Expression Omnibus database (GEO accession number GSE45952). Expression of individual genes was verified by qPCR. RNA was reverse transcribed to cDNA (Applied Biosystems) and qPCR performed using Taqman primer and probe sets; data were normalized to endogenous 18s rRNA, and relative expression was determined by the formula 2 -ΔCT . Immunoprecipitation and Western blotting. Proteins were isolated using RIPA solution plus protease inhibitor (Sigma-Aldrich). Pull-down antibody was incubated with pre-cleared samples for 2 hours at 4°C, then overnight with protein G agarose. Western blots were performed using anti-FLAG and anti-FOXP3 Abs (Cell Signaling Technology).
Confocal microscopy. Cell cytospins were fixed, permeabilized with 0.2% Triton-100, blocked with normal goat serum for 2 hours, incubated overnight with Abs to FOXP3 and NF-κB/p65 (Cell Signaling Technology, clone C22B4, #4764) diluted in 0.2% Triton-X100, washed, stained with secondary anti-rabbit IgG (Cell Signaling Technology, #7074), and analyzed by confocal microscopy.
Statistics. Data were analyzed using GraphPad Prism 5.0d software. Data are presented as mean ± SD unless specified otherwise. Measurements between two groups were done with a 2-tailed Student's t test if data were normally distributed or Mann-Whitney U unpaired test when the populations were not normally distributed. Groups of 3 or more were analyzed by 1-way ANOVA with corresponding Tukey's multiple comparison test if normally distributed or the Kruskal-Wallis with Dunn's multiple comparison test if not. Graft survival was evaluated with Kaplan-Meier followed by log-rank test. P < 0.05 was considered significant.
Study approval. Animal studies were approved by the Institutional Animal Care and Use Committee of the Children's Hospital of Philadelphia (protocols 2013-6-561 and 14-000746). 
